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ABSTRACT 
There has been growth in the costs of maintenance over the 
last 40 years. This can be I inked directly to the changes in 
production technology over that period of time. However. 
there has also been growth in the field of management science 
and operations research. Many models have been developed to 
assist the maintenance function in its decisions. However. it 
would appear. from engineering journals and shop floor 
practice. that these models ar~ not wei I used . 
For this research the method of inspection and repair 
maintenance has been chosen. Mainly because it is one of the 
most widely used methods. The objectives of the research are 
as follows: 
(1) 	 To investigate the state of the art of plant and 
equipment maintenance paying particular attention to the 
inspection a.nd repair policy. 
(2) 	 To establ ish what basic models are avai lable for decision 
making in inspection and repair maintenance. 
(3] 	 To establ ish how feasible and useful each of these models 
is in the practical engineering environment. 
(4) 	 To consider factors in the implementation of a decision 
making model in the inspection and repair policy with 
particular reference to the most practical and feasible 
model investigated. 
Three models were selected as being representative of work in 
the field. Al I three are used for determining the optimal 
inspection interval for plant and equipment. They are: 
[[) The Reliability Function Model This uses a direct 
relationship between the breakdown rate and inspection 
frequency for an economic decision. 
(i i) 
( 2 ] 	 The Delay-Time Model This uses the p.d.f of the delay-
time as a basis for an economic decision . The delay-time 
being the duration of a fault from inception to catastro­
phic failure. 
[3] 	 The Markov Model This uses a markov chain and defines 
the equipment as being in anyone of a number of states. 
The cost of occupying or transferring states is used to 
make the economic decisio~. 
The delay-time model was found to be the most practical and 
useful for implementation in an engineering context. The 
input data is eas i I y ava i I ab I e and it makes good use of the 
ski I I of the p.m . inspector. 
Some of the pract i ca I aspects of implementing the delay-time 
model are also discussed. These include such aspects as the 
use of an information system and staffing. 
In conclusion it was stated that decisions in the field of 
inspect i on and repa irma i ntenance can be quant i f i ed . I twas 
also recognised. however. that it is much more difficult to 
control and quantify many aspects of maintenance than produc­
tion. However. this should be a challenge as the potential 
savings from any improvements are great . 
A four point plan was recommended for the improvement of the 
m~intenance function of any organization . 
[lJ Conduct a Maintenance Audit 
[2J Employ the right staff 
[3] DeCide on scope and extent of changes 
[4J Control and decision making must be linked. 
It is hoped that this research has contributed to the brid g in g 
of the gap between the academic approach t o maintenance and 
shop floor practice. 
( i v ) 
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A-I The Affect of Inspection Frequency on Costs 
C-1 The Incidence of a Breakdown 
The growth in the costs of maintenance over the last 40 years 
are directly related to the changes in production technology 
over that period. The second world war stimulated a pheno­
menal growth in the manufacturing industr es. This was 
accompanied by a proportional increase in investment in machi­
nery and equipment. The advent of the microchip and the 
computer I if ted the cei jng on investment in plant again. 
Al I these developments have placed increasing demands on the 
plant maintenance function. The physical quantity to be main­
ta i ned has increased and the ava i lab iii ty of th i s new genera 
tion plant is required to be much higher. In the United 
Kingdom estimates put the 1970 expenditure on maintenance by 
industry at fila mi lion (Ref.l). Inflation alone would put 
that figure at wei lover £5000 mt I I ion today. This is just 
raw expenditure on maintenance and does not take into account 
the effect of maintenance on the production account. 
The po lit i ca I and econom i c deve I opments 'j n South Afr i ca over 
the last few years have further increased the importance of 
the maintenance function The difficulty of obtaining certain 
plant both in terms of the availability of suppliers willing 
to sel I to South Africa, and the cost at prevai I ing exchange 
rates has forced organizations to make their plant last. The 
effect of these changes is sti I I to be felt by maintenance 
organizations. 
These developments in hardware have not been the only develop­
ments. Management science has had to grow as we! I. Managers 
now have more quantitative techniques available to them. How 
ever. a survey by Management Today (Ref.2) has shown that most 
managers make I ittle use of these techniques. There is a 
mismatch between the academics' proposals and the managers 
perceived needs. This reflects both the academics ideal lzed 
v I ew of life and the managers ignorance of what is ava i I ab Ie. 
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Nowhere is this contrast better to be seen than in the field 
of maintenance management. Much work has been done by acade­
mics in the fields of mathematical statistics and operations 
research as regards models for maintenance decision making. 
However. in the engineering journals and on the shop floor 
there seems to be I ittle knowledge of these models or desire 
to use them. The current method of decision making rei ies on 
experience and the abi I ity to translate that experience into a 
decision. 
For this research the field of inspection and repair mainte­
nance has been chosen. The objectives of the research are as 
follows: 
[1] 	 To investigate the state of the art of plant and equip­
ment maintenance practice paying particular attention to 
the inspect i on and repa i r po Ii cy. 
[2] 	 To establ ish what basic models are avai lable for decision 
making in inspection repair maintenance. 
[3] 	 To establ ish how feasible and useful each of these models 
is in the practical engineering environment. 
[4] 	 To consider factors in the implementation of a decision 
making model in the inspection and repair policy with 
particular reference to the most practical and feasible 
model investigated. 
The research wi I I be approached from an engineering point of 
view. While mathematics is involved this is essentially an 
engineering research project. 
It is hoped that this work wi I I make a contribution to bridg­





A quantitative approach to maintenance management really began 
with the advent of operations research in the second world 
war. Much of the real growth in the field was precipitated by 
the advent of computer fac iIi ties. Some of the ear I i est work 
still of applicability today is by Barlow and Proschan (Ref.3) 
in their book "The Mathematical Theory of Reliability". They 
used reliability theory to help in the decision as to the 
frequency maintenance activities. 
The concept of maintenance has been with us since the indust­
rial revolution. As far back as 1931 there have been journals 
dedicated to the subject. These journals have dealt with the 
more practical aspects of maintenance and sti I I do to this 
day. Often they review the basics of maintenance such as the 
steps to establ ishing a P.M. programme. as does Anderica in 
Plant Engineering (Ref.4). The more academic journals look at 
problems such as schedul ing the workload of the maintenance 
department or setting time standards for this type of work 
(Refs.5&6) . 
The advent of the computer and particularly of the mini- and 
microcomputer has created a void in the knowledge of many in 
maintenance management. The engineering journals have moved 
in to fi I I this gap with articles such as that by Holden in 
Plant Engineering(Ref.7) 
However. it is only the more academic journals that deal with 
decision making aspects of maintenance. Much of the work in 
the field of maintenance decision making involves decisions as 
to the optimal replacement intervals of components of equip­
ment. (This and other maintenance pol icies are described in 
de t a i ins e c t ion 3. 2) . Ru e d a and Mil Ierr e vie w m u c h 0 f the 
work done in this field in Ref. 8. A more detailed review of 
one method of selecting an optimal part replacement pol icy is 
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given by Knezevic in Ref. 9. 
Most organizations. however. do not use an optimal part repla­
cement policy. but an inspection and repair policy. It would 
appear. from the avai labi I ity of I iterature in this field. 
that less work has been done here than in the optimal part 
rep I acement po Ii cy. 
Jardine (Ref. 10 & II) is one of the most widely published 
authors. In his book he deals with a spectrum of maintenance 
pol icies and methods of decision making for each of them. His 
method of decision making in inspection and repair (The relia­
bility function model) is one of three examined in detai in 
this thesis. Christer and Waller have done much work in this 
field both in its appl ication to bui Iding and industrial main­
tenance (Ref. 12 & 13). Their model is known as the Delay-
Time model One further model in the field is based on Markov 
processes. This is dealt with by Luss (Ref. 14) and Lapin 
(Ref. 15). 
Much work has been done in the field of the phi losophy of 
maintenance. As technologies have changed and maintenance 
costs increased. it has become necessary to set objectives for 
maintenance Labouchere (Ref. 16). in his set of articles 
ent i tied "What ma i ntenance is worthwh i I e and When" sets about 
to define the objectives of maintenance. Kelly and Harris 








3. 1 . I NTRODUCT ION 
There are a number of different maintenance pol icies 
used by organization today. However. these fa II into 
two broad categories: (1) Corrective maintenance and 
(2) Preventive maintenance. In the first maintenance 
is only done as a result of a breakdown. In the second 
maintenance is carried out in order to prevent break­
downs. A system is thus designed whereby money is 
invested in preventative maintenance in order that it 
may yield returns in the reduction of breakdowns and 
the costs associated with such breakdowns. 
A structure of the basic maintenance pol icies is given 







I I I I I I 
REPAIR OPPORTUNITY INSPECTION COND IT ION REPLACEMENT SHUT DOWN 
Fig. 3.1 MAINTENANCE STRUCTURE 
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3.2 	 DESCRI~TION · OF MAINTENANCE POLICIES 
3.2. 1 Corrective Repair 
Minimal action is taken to prevent failure. This is 
usually in the form of lubrication or belt tensioning. 
The emphasis is rather on efficient and effective 
repair after a breakdown. After a breakdown only those 
repairs necessary to restore the equipment to its prior 
condition are done. 
3.2.2 	 Corrective - Opportunity Repair 
This is similar to the corrective - repair policy in 
that Ii tt lei s done to prevent fa i lure. However here. 
after a breakdown. the opportunity is taken to service 
items other than those that were the cause of the 
breakdown. For examp Ie: on a lathe. a burst 0 i I sea I 
may require the machine to be repaired. The artisan 
then takes the opportunity to replace a bearing in the 
gearbox that he notes is worn. 
3.2.3 	 Preventative - Inspection and Repair 
Equipment is inspected at regular intervals. Repairs 
or component replacements are recommended on the basis 
of inspections. The duration of the interval between 
inspections needs to be decided. Models that help in 
making this decision will be dealt with in detail in 
later sections. 
3.2.4 	 Condition Monitoring 
The condition of equipment is analysed continually or 
at frequent intervals. This is done using various 
types of transducers. circuitry and recording devices . 
The data provided by such monitoring can be used to 
predict imminent fai lure of components. or the need for 
service. very accurately. 
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3.2.5 Preventative Replacement 
Equipment components are replaced before they fai I. 
Normally, certa i n critical components are identified 
and. from fai lure data and reliability theory. the i r 
I i f e is estimated. Taking into account the costs 
involved. the i r replacement i s planned before their 
probability of failure is too high. ( i . e . before the 
component is likely to fail). 
3.2.6 	 Shut Down 
An entire plant or section of a plant is shut down for 
a period. The plant is stripped down and components 
replaced where necessary. This is normally done with 
La r g e and complex plant where it i s difficult to 
isolate single machines without stopping productio~. A 
shut down is norma II y a few weeks long and done every 2 
or 3 years. Th~s type of maintenance must obviously be 
done in conjunction with one of the other maintenance 
po Ii c i es. for the per i od between shut downs. 
3.3. 	 SELECTION OF A POLICY 
In practice different maintenance policies are used for 
different types of equipment. A company that uses a 
preventative rep I acement pol icy for its production 
equipment would consider it ridiculous to use such a 
policy in maintaining the electric wall sockets in its 
drawing office. 
3.3. 1 Factors to be Considered 
The decision on which maintenance policy to use is 
essential Iy one of investment and returns . Looking at 
Fig . 3 . 1 (page 5) . it can be said that the pol icies 
increase in the extent of their resource investment 
from left to rig h t . A correct i ve repa i r po Ii cy invests 
I ittle resources in the future wei I being of the equip­
ment. Money is only spent when it has to be. that is 
when the equipment breaks down. In the shut down 
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main"tenance pol icy vast amounts of money and time are 
invested in restoring the equipment to a good condi­
tion. This is invested in the hope that the equipment 
wi I I continue to run for a long period with minimal 
attent i on. 
The decision to use a shut down pol icy rather than a 
corrective repair pol icy (or a pol icy with a high 
investment rather than one with a low investment) is 
obviously made with the expectation of greater returns. 
These returns essentially come from three sources: 
(1) 	 A Reduction in the Cost of Breakdown Repairs: 
Repairs after a breakdown are genera II y more 
expensive than those same repairs would have been 
if they had been done on a preventative basis. 
This is partly because damage has been caused to 
other components and partly because preventative 
repa irs can be schedu I ed and thus use I abour more 
efficiently. 
(2) 	 Reduction in Running Costs: 
On some equipment. as components wear. the running 
cost of the plant increases. This increase is seen 
both in the increased energy consumption and/or in 
the poor performance of the equipment (i .e. reject 
items being produced or premature tool and die 
wear. ) 
(3) 	 Reduction in Unproductive Downtime. 
Equipment is generally bought because it can 
contribute to the profitabi I ity of the enterprise. 
Thus when such equipment is broken down profit is 
being lost because of the lost production. This 
prob I em becomes more acute when customer dead lines 
need to be met. I f products are de livered I ate 
because of a breakdown. the downtime cost of the 
breakdown a I so inc I udes the unquant if i ed cost of 
goodwi II. For machines I inked in a production 
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I ine we need to consider the consequential down­
time cost . If one machine breaks down all the 
machines are affected as a result. The consequen­
tial downtime cost is thus the downtime cost of 
all the machines in the production I ine affected. 
The ratio of breakdown repair cost to preventative 
repair cost does not vary much from machine to machine. 
This cost is thus not a significant one in deciding 
which pol icy to use. The running cost is not a factor 
for many machines. but where it is. it could be fairly 
significant in the decision. The downtime cost of 
equipment varies greatly from thousands of rands per 
hour for some production I ines. to almost negl igible 
cost for items I ike bench grinders. where many are 
available in one workshop . 
3.3.2 	 The Decision Process 
It can thus be said that the decision as to what type 
of rna i ntenance po Ii cy to use is based. to a large 
extent. on the downtime cost of the equipment in 
question. Thus in general items with low downtime 
costs such as extractor fans and bench grinders are 
repaired on a corrective basis. 
Mechan i ca I product i on lines. chern i ca I process p I ants 
and other equipment with high downtime costs and 
consequential downtime costs are maintained on the 
shut-down. rep I acement or cond it i on mon i tor i ng po li ­
cies. Here other factors are considered such as the 
avai labi I ity of statistical data for a replacement 
policy or the ease with which relevant parameters can 
be measured for condition monitoring. 
Equipment in the average range of downtime costs is 
generally maintained on an inspection and repair basis . 
Thus motor cars and general machine shop equipment is 
maintained on this basis. 
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There are other non-quantifiable factors that organiza­
tions take into account . One of these is staff morale. 
The image of the company is another. These factors 
obviously bias any decision making process. In addition 
there are many instances in which it is necessary to 
use an overlap of pol icies. However, the decision to 
invest in some form of preventative maintenance should 




THE INSPECTION AND REPAIR POLICY 
4.1 THE PURPOSE OF THE INSPECTION 
From the previous section it can be seen that any type 
of preventative maintenance pol icy involves an invest­
ment with the expectation of a return. In the inspec­
tion and repair policy the investment is the inspect ion 
and the repairs done as a result of the inspection. 
The return is the reduction in breakdown repairs. 
According to Labouchere (Ref 16). there are four main 
reasons for carrying out maintenance. 
1. To improve reliability 
2. To reduce running cost 
3. To improve performance 
4. To extend the I ife of pJant or equipment. 
From section 3.3.1 we see that the cost of unrel iabi­
lity is high in terms of downtime costs. Thus improv­
ing reliability is usually the prime purpose of mainte­
nance. It would seem logical to say. in terms of the 
investment and returns analogy. that the higher the 
investment the better the equipment reliability. This 
must obviously be within the I imits of the equipments 
inherent reliability. Thus the more frequent the 
inspections (within a certain range) the better the 
equipment rei iabi I ity. 
4 . 2 INSPECTION AND REPAIR AND RELIABILITY 
Most of the work done in the field of maintenance and 
reliability re I ates to preventative replacement 
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pol icies (see section 3 . 2 . 5). Here the classical 
"bath-tub" curve. as shown in Fig. 4.1. is applicable. 





PHASE PHASE II PHASE I I I 

Early Life Usefu I Li fe Wearout 

Time. t. since new 
Fig. 4.1 THE BATH TUB CURVE 
The age specific failure rate (i.e. the likelihood of 
fai lure at any particular age) is evaluated: A high 
likelihood of failure in the early life of the compo­
nent. a low probability of failure for most of its use­
ful I ife and then a decrease in reliability near the 
end of its I i f e . I t is important to note that this 
curve refers to the I ife of a single component. 
Although intuition tells us that the probabi I ity of a 
breakdown between inspections follows a simi lar curve. 
However. in the inspection and repair policy, compon­
ents are not replaced because of an increased statis­
tical likelihood of failure. The only reason they are 
replaced is because they are worn. But. it is import­
ant to note that equipment is inspected because of an 
increased statistical probabi I ity of fai lure. 
From the above discussion it can be seen that they are 
two aspects of fa i I ure to be cons i dered in the inspec­
tion and repair policy: 
4.3 
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1. 	 The probability of failure 
2. 	 Once the components has begun to fa i 1 (i. e. the 
component is worn) how long it wi I I take before 
the component will fail completely. 
The first aspect is very important where components 
give lit tIe warning of complete fai Jure. The second 
aspect is more useful where the components give a fair 
warning of catastrophic fal lure. This second aspect is 
more important in mechanical maintenance. General 
mechanical components. such as bearings. give a good 
warning of catastrophic fal lure. Thus it can be seen 
that the more frequent the inspections, the greater the 
probabi I ity wi I I be that faults wi I I be detected before 
they lead to catastrophic fal lure. 
4.3.1 
We have estab I i shed that there is a relationship bet 
ween the expected reliability of a piece of equipment 
and the frequency of the inspections. However. the 
objective of any industrial maintenance is to maintain 
equipment at that level which minimises total plant 
cost. Maintenance is just one of the costs of produc 
tion. There are many other costs that are affected by 
the maintenance function such as the machine running 
costs and capital costs. Whenever a machine is out of 
action. there is the opportunity cost of the profit 
that it could be producing (i .e. the downtime costs). 
Within a certain range. as the inspection frequency 
increases. so the overal I production costs decrease. 
This is mostly because of an increase in reliability 
and thus a decrease in downtime costs. However. this 
leads to an increase in the maintenance departments 
expenditure.Fig. 4.2 shows that the sum of these costs 
1 4 

is the total plant cost. 
Tota I PI ant Costs 
Maintenance Costs 
Cost t 
Product i on Costs 
Inspection Frequency 
F i g. 4.2: MAINTENANCE AND TOTAL PLANT COSTS 
This graph implies that there is an optimum inspection 
frequency for every piece of equipment. This optimum 
is found at the minimum total plant cost. 
4.3.2 	 Manufacturer Manuals 
This section would be incomplete without some mention 
of the manufacturers maintenance manuals. Unfortuna­
tely the usefulness of such manuals is often undermined 
by the lack of thought on the part of the equipment 
manufacturer. These manuals are obviously invaluable 
in diagnosis and repairs in that they give a technical 
description of the equipment. Often they also give 
some indication of the service (inspection) intervals. 
These intervals must be treated with suspicion. 
In formulating them the operating conditions of the 
plant could not have been considered as these are 
unique to each work situation. However. they do form a 
good starting pOint for inspection in the early I ife of 
the equipment. Later the interval should be modified 




Having establ ished the fact that there must be an opti­
mum inspection frequency. it now remains to find a way 
of calculating such a frequency. In this chapter. three 
models are described that use different methods to cal 
culate the optimum inspection frequency. The models 
all rely on input data as to the reliability of the 
equipment and maintenance and downtime costs. The 
models wi I I be evaluated in Chapter Six. A standard­
ised notation has been used for the formulas as given 
in Appendix E. For this reason some of the formulas 
given wi II look different from those in the sourc 
referenced. 
5.2. 1 
The reliability function model is the simplest of the 
three models. This is both in terms of its concept and 
its mathematics. The description of the model as given 
here is based to a large extent on the work of Jardine 
<Ref. 10). 
The mode I re lies on the assumpt i on that there is a 
direct relationship between the breakdown rate (i .e. 
the number of breakdowns per time unit). and the 
inspection frequency, This relationship is expressed 
in terms of a cant i nuous curve or re Ii ab iii ty funct i on 





This curve is used together with maintenance an d 
production cost data to produce. in effect. a set of 
curves such as those given in Fig. 4.2. From this the 
optimal inspection frequency is found. 
5.2.2 
From the preceding section i t can be seen that two 
basic types of data are required: 
1. Reliability data 
2. Cost data (Maintenance and Production). 
The reliability function provides the reliability data 
input In order for the model to produce accurate deci 
sions the curve must be based to some extent on histor­
leal data. This can only really be done by varying the 
inspection frequency and seeing its effect on the 
breakdown rate. ite a number of pOints are required 
in order to plot a curve of any accuracy. However. if 
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data is available from other similar machines apprOXi­
mation could help I imit the number of paints required. 
Even using this method it could take many years to 
estab Ii sh such a curve. 
The cost data must obviously include the costs of ins­
pection and repair per time unit. the costs of break­
down repair per time unit (this is normally higher than 
that for inspection and repair) and the downtime costs 
per time unit. As the costs are all in rands per time 
unit, we obViously need the average length of time for 
the inspection and repair and a breakdown repair. It is 
important to note that an inspection and repair is con­
sidered one event as far as cost and time is concerned. 
This is in keeping with the investment and return 
analogy of section 4.1. 
5.2.3 
Jardine (Ref. 10) considers a simple case of the 
inspection policy and thus makes the following assump 
tions. 
I) 	 That the mean time to perform a repair or inspec 
tion does not vary with the number of inspections. 
2) 	 That the relationship between breakdown repairs and 
the number of inspections is known. 
3) 	 That the profit per unit time is a continuous func 
tion of inspection frequency and can thus be diffe 
rent i ated. 
Thus the follOWing equation is derived (see 
Appendix A for derivation) 
1, lR' 	 I 




R' is the derivative of the breakdowns per time unit 
ts is the mean time to complete breakdown repair 
tl - is the mean time to inspect (and do inspection 
repairs) 
G is the value of the output per uninterrupted time 
unit 
C, - is the cost of inspection per uninterrupted time 
unit 
C. is the cost of repair per uninterrupted time unit 
Equation 5.1 is solved for R', However, R' is a func­
tion of N (the number of inspections per time unit), 
The derivative of the reliability function is thus 
substituted into the formula and the optimal inspection 
frequency is calculated. A complete numerical example 
is given in Appendix B. 
5.3. 1 
This model in its basic concept has been widely used by 
many and as far back as 1965 by Barlow and Proschan 
(Ref.3), although not called by the same name. Much of 
the more recent work and practical appl ication has been 
done by Chr i ster (Ref. 13). He has deve loped it both in 
the field of bui Iding (Ref.12) and industrial mainten 
ance (Ref.13). 
The basic concept is that of a delay time, h. which is 
a measure of the time from when a fault could first 
have been noticed, unt! I such a fault would cause cata 
stroph i c fa i lure. I t can be shown that there is a 
relationship between the probabi I ity density function 
(p.d.f,) of the delay time, f(h) and the inspection 
interval (T). This relationship must include other 
varIables such as the downtime and maintenance costs. 
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Thus from the p.d . f. of the delay time f(h) we can 
calculate the optimum inspection interval (T), by 
finding that interval with the lowest total cost . 
5.3.2 	 Data Required 
For the reliability function model two basic types of 
data were needed: Re Ii ab iii ty and cost data. It i s 
the same with the delay time model. 
The p.d.f. of the delay time f(h), constitutes the data 
that gives an indication of an aspect of the reI iabi 1­
ity of a machine. It would be wrong to say this was a 
measure of the rei iabi I ity of the equipment but it is a 
measure of an aspect of reliability that is important 
in this context. 
The data can be collected from the subjective assess­
ment of the equipment inspectors. Each time the 
inspector finds a fault during an inspection he must 
give estimations for the fol lowing: 
1 ) 	 How long ago the faul t could first have been 
noticed by an inspector or operator (hI), 
2 ) 	 How much longer the repair could be delayed before 
it leads to catastrophic fai lure (h~). 
It can be seen that by definition h = hI + h~. After 
estimating h for a number of distinct faults, a distri ­
bution for h can be obtained and the probabi I ity 
density function f(h) can be found. 
The model also requires the average fault arrival rate 
for tho equipment concerned. This is easily obtained 
from historical data. 
The cost and average time data required is the same as 
that for the reliability function model. Here, how­
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ever, the costs and times for inspection are split from 
the cost and times for a subsequent repair. 
5.3.3 	 Assumption and Formulation 
Christer and Waller (Ref.13) consider the simplest 
poss i b I e case of an . i nspect i on po Ii cy. Thus they make 
the following assumptions: 
1) The downtime for inspection (d) is much less than 
the inspect i on i nterva I (T). 
2) Inspections are perfect and thus any defect wi I I be 
identified. 
3 ) Defects identified at an inspection are repaired 
within that inspection period. 
4) 	 The time of origin of a fault is uniformly distri ­
buted over time since last inspection and indepen­
dent of h. 
5) 	 The probabi I ity density function of the delay time 
f(h), is known. 
The following equation is thus derived (See Appendix C 
for derivation). 
Cm {qT[C.t.b + C.t,(1-b)] + c,(t, - t r )}T+ t, 
where 
Cm -	 is the cost of maintaining the plant per unit time 
T -	 is the inspection internal 
q -	 is the fault arrival rate 
C. -	 Cost of breakdown repair per time unit 
C, 	 Cost of inspection and consequential repair per 
time unit 
t. - Mean time for a breakdown repai r 
t, - Mean time for an inspection (including 
consequential repair) 
tr - Mean time for an inspection repair and 
2 I 
and 
b ­ i T h=O 
The maintenance cost is obtained by finding the inte­
gral b first. Either a mathemat i ca I funct i on is used 
to approximate the curve of fCh) or an approximate 
method such as Simpsons Rule is used to obtain the. 
integral of the distribution. The cost of maintenance 
is thus easi Iy found. 
The downtime Cd) i s calculated using the following 
formula 
T [qTt. b + tl ]d 
thus the downtime cost is 
d.Cd 
where Cd - is the cost of downtime per time unit 
Thus the total plant cost is 
Cp d.Cd + Cm 
This cost can be minimised by calculating Cp for a 
number of inspection intervals. T. until the lowest 
cost is determined. A sample calculation can be found 




Markov was a Russian Mathematician who pioneered modern 
probabi I ity theory. His name has been given to this 
general statistical method that has been used to solve 
problems in a number of fields. A number of research­
ers have appl led this method to the field of mainte­
nance decision making including Barlow and Prochan 
(Ref.3), Luss (Ref.14) and Lapin (Ref.15). 
The basic concept (when appi led to the 
tion and repair maintenance) is that of 
can be found in anyone of a number of 
the number of states is finite. this 
field of inspec­
a machine that 
states. Where 
is known as a 
Markov chain, as opposed to the more general case where 
a Markov process may have continuous states. Say a 
machine's operating condition is defined such that it 
may be in anyone of four states. The Markov process 
deals with the probabi I tty of the machine staying in 
one of the states or transferring from one to another. 
The Markov process is. however. memoryless and the 
probabi I ity of moving from one state to another is 
independent of past history. 
An inspection and repair. has the effect of transfer­
ring the machine to "higher" state. Use of the 
machine transfers the machine over a period of time to 
a '" ower" state. It is thus poss i b I e to cons i der the 
total cost of running a machine for a number of differ 
ent inspection intervals. The minimum cost will 
identify the optimal inspection policy. 
5.4.2 
As with the delay time and reliability function models 
both rei iabi' ity and cost data inputs are required for 
the l"larkov mode I. 
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The definition of the states is the first step in form­
ing the reliability data input. The next step is the 
al location of transfer functions from one state to ano­
ther. These are expressed in terms of the probabi I ity 
of a machine transferring from one state to another. 
The costing data required is basically the same as that 
for the other two models. Here. however. the cost of 
occupancy of each of the states is required as weI I. 
This model thus takes into account variations in plant 
running costs. 
5.4.3 
Normally the model is in the form of a Markov chain 
(i .e. a finite number of states). This makes the 
analysts task easier. in that specific values can be 
assigned to each of the states. This assumption ideal­
izes the situation to an extent. This is not serious 
and the other models (Delay Time and Reliability Func­
tion) in fact are more idealized in that they only 
consider two states (running or not running). 
For the case of three states a matrix would be drawn up 
as follows: 
Xl X2 X3 

Xl PI 1 P12 P13 

X2 o P22 P23 

X3 o o 

where Xl. X2. X3 - are deteriorating states with Xl 
being as new and X3 being 
inoperable. 
P - is the probab I ity of transferring 
from one state to a lower one. 
i.e. Pl3 is the probability of 
moving from state I to state 3. 
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From the matrix i t can be seen that the fol lowing 
assumptions are made. 
1) The machine is returned to its 'as new conditions 
after a breakdown. 
2) The machine cannot otherwise move from a lower 
state to a hi~her one. This is in accordance with 
the law of increasing entropy. 
One way of finding the optimum inspection interval (T) 
is by simulating the response of the matrix. e 
transformations are simulated for a number of periods, 
t (where t «T). At the end of each period t the 
cost of occupying the state Simulated is calculated. 
This is done for a number of periods n (where nt > T 
the more periods the better). A number of different 
inspection intervals are tested. The total cost of 
each option is calculated and the intervals that yields 
the lowest cost is selected. 
Klein (Ref.18) has used I inear programming methods for 
finding the optimal solution to the inspection problem. 
The basic Markov chain setup is however. the same. Both 
of these methods require the use of computer computa­






Having looked at the factual datal Is of the three 
models it now remains to evaluate them. In this sec­
tion the models are evaluated in various categories. 
The categories explored are not al I the ones important 
to the field of inspection and repair maintenance. Only 
those in which some models may have a relative advant 
age over others are considered. Other categories wi I I 
be considered in the next section. From this section 
it is hoped that a useful model wi I emerge. 
6.2 BASIC MODEL CONCEPT 
The three models are simi lar in concept in that they 
al I rely on the same basic assumptions. That is that 
there is a relationship between the reliability of an 
item of equipment and the frequency of preventative 
maintenance inspection. 
In the reI iab! I ity function model this relationship, 
expressed mathematically. is a direct input. Referring 
to section 5.2.1 it can be seen that the relationship 
between the breakdown rate (a measure of re Ii ab I I i ty), 
and the inspection frequency s one of the inputs. In 
the Markov model, this is an indirect input. The deter 
ioration of the machine takes place in discrete states 
(a measure of its reliability), and the inspection and 
repair has an effect on these states. In the delay 
time model this relationship is an even more indirect 
input. Here the relationship is seen as being related 
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to the probabi I ity density function of the delay time. 
However. in the formulation in Section 5.3.3 this 
relationship can be seen. The reliability functions 
mode lis determ in i st i c in concept wh i I e the other two 
are stochast i c. Our exper i ence of the war I d makes us 
suspicious of a deterministic model and leads us to 
believe that a stochastic model is a better reflection 
of reality. The Markov and delay time models are 
favoured as be i ng more rea list i c a I though the re Ii ab i­
lity function model is mathematically more simple. 
One of the unique aspects of the Markov model. in terms 
of its basic concept. is that it takes into account the 
running costs of a machine. This cost is included in 
the cost of occupying the state. as explained in sect­
ion 5.3.3. This could be a very useful feature. part­
icularly where a machine consumes more energy in a 
deteriorated state. 
When looking at an inspection and repair model one of 
the variables to be considered is the level of inspec­
tion. (i .e. how detai led and thorough is the inspec­
tion?) It would seem. at first glance. that none of 
the models considered take this factor into account. 
However. they all do. in an indirect way. 
In the rei iabi I ity functions model the relationship 
between breakdowns and inspection frequency takes this 
into account. A certa i n I eve I of inspect i on is assumed 
and the curve is generated on that basis. For the 
Markov mode I the I eve I of inspect ion is incorporated in 
the effect of inspection and repair on transfer to a 
higher state. The p.d.f. of the delay time generated 





AI J the models require basic cost data. such as the 
Inspection and repair costs and the breakdown repair 
costs and the downtime costs. These costs are either 
per event or per unit time. Where cost data is 
required per unit time, the average duration of an 
event is also required. Although the accuracy of such 
data is very important for finding the optimal solu­
tion, it is not usually difficult to obtain from wei I 
kept historical records. 
Al I companies keep records of maintenance and produc­
tion costs. However. not all separate the costs of the 
inspection and repair programme and those of break­
downs. In terms of the earl ier discussions as regards 
investment and returns (section 3.3) the importance of 
recording the cost of inspection and repair programme 
(the investment) and the breakdown repair costs (a 
reduction of which constitutes a return) separately can 
be seen. Thus the inspection and repair costs and 
times and breakdown repair costs and times must be kept 
on historical records for each item of equipment. 
This is essential for al the models. 
As pOinted out earl ier. the Markov model is the only 
one that considers the state occupancy costs (i .e. 
running costs). These costs can be broken down into 
the energy consumption costs and increase in production 
costs due to equipment deterioration. Records of these 
sort of costs would not normally be kept in most pro 
duction faei I itles. There would be I ittle difficulty 
in obtaining such data. but that would entai I extra 
cost. 
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The downtime cost of a machine is rather more difficult 
to estimate. The best person to estimate this is the 
production manager himself as he knows best the factors 
involved. The two main factors are the contribution to 
profit of the machine and the cost of operator idle 
time. It may well be. if there are many similar mach­
ines with a low utilization. that the downtime cost is 
zero. 
6.3.2 
Ali the models require some input as to the reliability 
of the equipment. This input is normally based on 
historical data for that machine. In some cases, how 
ever. it may be necessary to estimate such a function. 
The reliability function model requires the relation 
ship between the breakdown rate and a particular inspe 
ction frequency (Fig. 5.1). It is clearly difficult to 
obtain a relationship from historical data. To do so 
would require the varying of the inspection frequency 
over time. whi 1st recording the incidence of break 
downs. Taking into account the response time involved 
in such an experiment it would take many years for 
useable data of any accuracy to emerge. Each one of 






F i g. 6.1 OBTAINING THE RELIABILITY FUNCTION 
One practical way of solving this problem is as 
follows: 
1) Find the intercept on the curve for the current 
inspection frequency (ie the breakdown rate for the 
existing inspection frequency) 
2 ) Estimate a function for the curve (from experience 
with simi lar equipment) and fit into the intercept 
found in I . 
3 ) Calculate the optimal inspection frequency and use 
it. 
4) Once the new inspection frequency has been in use 
for a whi Ie the estimated curve can be checked and 
a I tered if necessary . 
However. this method is s til I very inaccurate and 
re lies pr i nc i pa II y on data from breakdowns. Breakdowns 
are infrequent and thus the time taken to bui Id up a 
reliable set of data could be long. 
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The Markov model requires a very comprehensive set of 
reliability data. To the extent that it is almost 
impossible to find this data from the past performance 
of the equipment. The probabi I ity of the equipment 
moving from one state of performance to another is 
required. This data could be gathered by continually 
monitoring the equipment, but this would be very expen­
sive. It is thus necessary to estimate the variables 
here. from experience with other equipment. 
The delay time model does not require comprehensive 
historical data on equipment reliability. This model 
rei ias on the educated estimates of the P.M. inspector 
himself. This estimate is made at the detection of a 
fault - a more frequent occurrence than a breakdown. 
A spread of data can thus be fairly quickly establ i­
shed. although an est mate may need to be made initial­
ly. It must be borne in mind. however. that this data 
is highly subjective. This would affect the optimal ity 
of the solution. 
6.4 
In the two preceding sections the basic model concepts 
and data collection and availability were considered. 
These factors are both very important when consider ng 
the accuracy of any of the models for deCision making. 
In terms of its basic concept the delay time model must 
rely on raw data that is a result of a subjective 
assessment. Theoret I ca I I y the rei ability function 
model and the Markov model rely on more objective 
historical data for the decision. However. we have 
see nth a t for bo t h the Mar k 0 v an d rei i a b iii t y fun c t ion 
models. in practice. the reliability data is estimated. 
With the reliability function model the inputs can be 
31 
to some extent based on historical data. ThiS is more 
difficult to do with the Markov model. 
Such estimates could easily induce more errors than 
those inherent in the delay time model for the 
fo II ow i ng reasons: 
1) 	 The delay time model reI ies on a number of esti ­
mates for specific type of time period. These 
estimates are made by the inspectors. who have a 
good understanding of the factors involved. One 
cannot expect the same people to make estimates for 
the Markov and Reliability function models - where 
mathematical and statistical understanding is 
required. 
2) 	 There are a number of estimates made in the delay 
time model and the p.d.f. of these estimates is the 
input. e other models rely on single exact data 
inputs. Spurious estimates would soon be noticed 
in the delay time model. In the other models the 
decision may wei I be based on a spurious estimate. 
Conceptua II y the Markov mode I seems to be the best re­
flection of real ity. It is more correct to say that 
deterioration occurs in stages, than to assume that 
fai lure is the only symptom of deterioration. 
However. this advantage of the Markov model is over­
shadowed by the difficulty of obtaining the accurate 
data requ i red by the mode I. 
As with any kind of deCision making process the cost of 
optimizing the inspection interval must not be greater 
than the benefits derived from such an improvement. 
Thus it is important that the paperwork and data pro­
cessing costs are kept to a minimum. 
6.5 
32 
The data required for cost calculations is not normally 
a concern. as far as volumes of data processing is can 
cerned. This data is required for accounting purposes 
as well and it is merely a question of ensuring that it 
is processed in the right form. This is so that it can 
be used by both accounting and maintenance. There may 
be a high initial cost in changing a system over to 
allow for this. Further discussion on data collection 
can be found in Section 7.2. 
The reliability data. however. is only needed by the 
maintenance department and it is thus their responsib­
i I ity to ensure that the correct volume of data is 
kep t . 
For the reliabi ity function model records of the 
breakdowns as wei as the inspection frequency need to 
be kept for each machine. This is not a significant 
amount of data to store and is probably the sort of 
data that is kept for the purpose of auditing items of 
equipment anyway. 
The Markov model requires the storage of a large amount 
of data. Records would need to be kept of the time 
spent in each of the states and the state transfers. 
As mentioned in Section 6.3.2. however. it is unlikely 
that such data would be collected. The transfer func­
tions would probably be estimated. In that event it 
would probably be acceptable to process the same sort 
of data as for the re Ii ab iii ty funct i on mode I. 
The delay time model would require the recording of an 
extra item of data for each breakdown and some of the 
inspections (where repairs are carried out). This is 
over and above that data which would be collected for 
the reliability function model. This in itself would 
not create an excessive burden. The processing of 
such data would. however. need to be computerised. A 
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database could easi Iy be used to store the records and 
provide an updated p.d.f. of the delay times. 
6.6 THE P.M. INSPECTOR 
An important aspect that must be considered is the type 
of ski I Is of the inspector that the model assumes and 
the way in which those ski I Is are used by the model. 
Al I the models assume a fairly high degree of technical 
abi I ity. In any inspection and repair programme the 
inspector is expected to be able to diagnose faults 
identified by the operator and even to find faults that 
have not yet been noticed by the operator. He must 
also be able to effect repairs. 
The inspector is sometimes cal led on to make decisions 
as regards inspection intervals. The current practice 
in many organizations is to ask the inspector his opi­
nion of the optimum inspection frequency and to base 
the decision on that. The Markov model wi I more than 
I ikely require the inspectors opinion on the input data 
(the transfer functions). The rei iabi I ity function 
model may also require his opinion to a lesser extent. 
The delay-time model requires the opinion of the p.m. 
inspector directly. as one of its inputs. However. 
this input is within the field of his knowledge and 
experience - the rei iabi I ity of equipment. The other 
models require his judgement on matters that involve 
statistics and economics. These subjects are outside 
his field of training and experience. 
6.7 
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It would appear that for most of the sections outl ine 
above that the delay time model is favoured. The 
exception is in the field of record keeping and 
processing. This. however. should not be a problem in 
this day of the micro-computer. Micro's are used by 
many maintenance organizations already in this area. 
It should also be noted. however. that this evaluation 
is from a practical and not a mathematical point of 
view. 
The model certainly has advantages in terms of the easy 
avai labi I ity of the input data. The involvement of the 
inspector in giving an estimate is good .in that it 
draws on a source for decision making that is normally 
difficult to tap. The mathematical assumptions are 
sound and rea I 1st i c. We wou I d thus expect good 
decisions to be made using this model. 
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7 . 1 I NTRODUCT I ON 
In chapter 6 the delay-time model emerged as the most 
practical and useful in a situation where inspection 
and repair maintenance is practiced. There are many 
aspects to maintenance, other than the inspection fre 
quency, that need to be considered. In this chapter we 
look at some of the aspects that need to be considered 
before implementing a maintenance system. some of 
these aspects wil I be particular to the case of the 
inspection and repair pol icy or the delay-time model 
whi Ie others wi II be applicable to maintenance systems 
in general. It wi I I be appreciated that the discussion 
on most of the subjects is, of necessity. brief. 
References for further reading can be found in the 
reference and bibl iography sections. 
7.2 
In the past decade the computer has totally changed the 
rules as far as the flow of management information is 
concerned. The micro computer has become relatively 
cheap and able to process vast volumes of data. Sophi­
sticated software has made the computer accessible to 
those with no formal computer training. These develop­
ments have potentially made the maintenance manager 
more effective and his task easier. He can now use the 
vast amount of machine reliability data available to 
him to measure the effectiveness of the maintenance 
programme. The keeping of maintenance histories for 
each machine is now much easier. 
7.2.1 
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However, the computer will not cure all the ills of a 
maintenance department and may, in fact, create a few 
of its own. Some of the more important aspects of a 
maintenance information system are discussed below. 
Many plant managers make the mistake of trying to comp 
uterise the maintenance system without every having 
managed to make the manual system work <Ref .19). 
The staff and management problems of an manual system 
are not gOing to be solved simply by the introduction 
of a computer system. In addition. unless the plant is 
one of the few with onl ine computer terminals at each 
production section. much of the paperwork of the manual 
system wi I I have to be retained to drive the computer 
system. Normally only the record keeping paperwork is 
discarded. 
The computer can produce a vast variety of reports very 
simply and quickly. This has definite advantages in 
that different levels of management can be presented 
with the information most relevant to them. However. 
the manager must be careful not to generate too much 
paperwork. The system could end up creating more work 
than it saves. 
7.2.2 
As ment i oned ear I j er. the rea I advantage of the compu 
ter is its abi I lty to process most amounts of data and 
provide feedback on the effectiveness of the malnten 
ance programme. It is thus surprising that so few 
maintenance information systems utilize this ability. 
Many organizations use the computer's database merely 
to store records. but never use the information in the 
records for decision making. 
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These are two basic types of feedback: 
I) - This involves calculating various 
cost figures or ratios and comparing these with 
those found under simi lar circumstances, For 
example the ratio of maintenance cost to produc­
tion costs should be common for simi lar types of 
operations. Examples of some useful indices can 
be found in Ref,20. It is not always necessary to 
have a dedicated maintenance software package to 
generate such information. A database or spread 
sheet package makes the task easi Iy attainable. 
2 ) This should be 
quite clear' to the reader. as this has been the 
subject of much of the discussion up to now. The 
delay-time model has a particular advantage here. 
in that is uses the information gathered from each 
and every breakdown to generate feedback. The 
report sheet submitted by the repairman, after each 
jo~ is entered onto the computer and assists in 
the decision making process. Thus I ittle extra 
work is generated in making the system generate 
very useful feedback for decision making. 
7.2.3 
It has been said that statistics I e. That is a good 
reason to be particularly cautious when deal ing with 
any sort of data. It is thus important to look at the 
source of the maintenance history data, The question 
needs to be asked: Under what circumstances is this 
data generated? 
Very often the data for the cost of maintaining 
machines is calculated from job cards fi I led out by the 
maintenance technician. The technician is unl ikely to 
book fewer hours work than there are in a day. Thus if 
the maintenance staff are underloaded. machine mainte 
nance costs could look inflated. 
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One solution to this problem is to ensure that the 
maintenance staff are over rather than under loaded 
(although this could bring problems in itself). The 
other solution is to make it the responsibility of the 
foreman of the section where they are doing repairs to 
sign the technicians in and out of each job. When the 
foreman real ises that these costs affect the overheads 
of his section. he is bound to make sure that he is not 
paying for idle time. Under these circumstances staff 
must. of course. be allowed to book idle time when it 
occurs. 
7.3 MAINTENANCE STAFF 
7.3. 1 The Type of Staff 
The staff of any organization are recognised as being 
one of its most valuable assets. The labour costs of a 
rna i ntenance department are norma II y much higher than 
the materials costs . It is thus very important that 
the right people are employed in the right jobs. 
A number of different categories of staff are employed 
in a maintenance department. 
1) Technicians repair and service the equipment 
2) Inspectors - carry out the p.m. inspections 
3) Clerical Staff - process the paperwork 
4) Accounting Staff - keep track of the costs 
5) Management plan. organize. lead and control 
the maintenance function 
6) Labourers (semi-ski lied and unski lied) 
- assist the technician 
One very important difference between the staff employ­
ed in the maintenance department and those employed in 
production departments. is that al I the staff in maint­
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enance (except the labourers) are decision makers. The 
technician has to decide how thorough he must be and 
which parts he should replace. The clerk needs to 
decide how much detail of each job should be kept on 
permanent records. The deCisions of the p.m. inspectors 
determine the costs of equipment maintenance. If the 
level of responsibi I ity Is measured by the financial 
effect of your decisions in rands (as is often the 
case) then the maintenance manager often has the 
greatest responsibi I ity on the site. 
Thus it is quite clear that more is required of an 
employee in maintenance, than would normally be the 
case in an equivalent ·job in production. The techni 
clan must not only be good technically but must also be 
able to think in terms of the cost consequences of h s 
action. A perfectionist who produces very high qual ity 
work could easi Iy set costs on an upward trend if he is 
not able to make the right deCisions. 
The p.m. inspector Is normally promoted into that post 
tion after many years of experience as a technician. 
This experience should give him the abi I ity to disting­
uish between those faults that need immediate attention 
and those that do not. For the delay-time analysis 
system he would also be required to estimate the dura 
tion of a fault from inception to catastrophic fal lure. 
The type of labour employed by maintenance is also very 
important. The environment is very different to produ­
ction. with its repetitive tasks. The man must have a 
relatively high intel I igence and the abi Iity to carry 
out instructions without too much explanation. for the 
labourer the rewards are a more interesting and varied 
job and for that reason such a person should not be too 
difficult to find. 
More wi I I be said about managerial and accounting staff 
in section 7.5. Clerical staff wi I I often need some 
7.3.2 
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technical understanding. particularly if they are to 
keep records of the machine faults. However. finding 
people with an aptitude for this would be cheaper than 
using technicians for these tasks. 
The training of staff deserves some mention. The 
degree of special isation of the technical staff is one 
of the biggest questions. Many smaller companies do 
not have the faci 1 ities to train specialist staff and 
in any event require their maintenance staff to be 
versati Ie. For larger companies. however. it may be 
worthwhile to have staff with specialist skills. This 
could disadvantage the company if it gets to the stage 
where many speCial ists are required to repair one 
machine. This ineVitably wastes time and their money. 
Thus specialisation is more effect i ve if it is geared 
towards a specific type of machine. Thus if a mechani­
cal technician did a special ist course in electronic 
diagnostics, his training would gear him for C.N.C. 
machines. Normally both a mechanical and an electronic 
technician would be required for such a machine. 
In the light of the discussion in section 7.3.1 it is 
obvious that technical staff require a grasp of the 
economic aspects of maintenance. Some training wi I I 
probably be necessary here. 
7.3.3 
Work measurement techniques are often used in assisting 
in planning and controlling in a production. In this 
section we look at the applicability of method study 
and time study to the maintenance environment. 
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7.3.3.1 	 Method Study 
"Method study is the systematic recording and criti ­
cal examination of existing and proposed ways of 
doing work. as a means of developing and applying 
easier and more effective methods and reducing costs" 
(Ref.2l). The method of doing many of the more repe­
titive tasks in the maintenance function can be 
studied and changed with improvement in both effect 
and cost. The costs of such a study must always be 
weighed up against any potential saving. 
The actual inspection schedule for each machine is a 
good place to start with method study. These sche­
dules are used repeatedly and thus any cost savin~ or 
improvement in effectiveness wi I I provide a long term 
saving. Method study probably has limited appl ica­
tions for the actual repair tasks in the inspection 
and repair pol icy. because of the varied nature of 
such tasks. Its app I i cat i on is more su i ted to the 
shut down maintenance pol icy where the same repair 
tasks are done for each shut down. 
7.3.3.2 	 Time Study 
"Time study is the procedure used to measure the time 
required by a qual ified operator working at the nor­
mal performance level to perform a given task in 
accordance with a specified method" (Ref.22). Time 
study is closely related to method study. They can. 
however. be carried out independently of one another. 
One of the most common reasons for dOing a time study 
is to use the time as a basis for productivity incen­
tive schemes. Because of the non-repetitive nature 
of most of the tasks within the inspection and repair 
policy. the cost of setting up time standards would 
be prohibitively high. Here again. as with method 
study. the most obv i ous app I i cat ions is the i nspec­
tion schedule of each machine. 
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There has been work done on the setting of time 
standards for low repetitive tasks such as mainte­
nance repair tasks. The methods used are known as 
U.M.S. (Universal Maintenance Standards) or Compara­
tive Estimating. The subject is really beyond the 
scope of this thesis but Knott and Pena (Ref.6) deal 
with it in detai I 
The above discussion shows that it is difficult to 
implement a productivity incentive scheme based on 
time. This reinforces the necessity of having self­
motivated staff employed in the maintenance depart­
ment. 
7.4 	 MAINTENANCE RESOURCES 
7 . 4 . 1 	 Tradeforce Location 
The problem of where to locate the maintenance staff 
only becomes an issue in large plants. Here the work 
is distributed over a I arge area. A decentra I i zed 
trade force norma II y enta i I s greater superv i sory costs 
and a certain loss in organizational unity. Resources 
can be more effectively utilized in a centralized set 
up. This is because the idle time of a large group is 
statistically less than that of a number of smal I 
groups serving the same function. 
The costs of travel I ing time, both in terms of the cost 
to maintenance and to production (downtime in the event 
of a breakdown) are much higher for a central ized task­
force. A further advantage of a decentral ized task­
force ,evolves around the special isation of maintenance 
staff. This was mentioned in section 7.3. The tech­
nicians know the machines in their sections and are 
more competent at maintaining these machines. This is 
particularly the case where different types of machines 
are in different sections. 
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7.4.2 
According to Kelly and Harris (Ref.I7), the maintenance 
workload falls into two categories: 
1 ) - That maintenance that can 
be planned in the long term (i .e. P.M. inspection 
and repairs and modifications). 
2) - That maintenance that can 
be planned only for the short term (I.e. breakdown 
repairs). It is dlfficult to estimate even the 
average of this load. 
No matter how thorough a p.m. programme is there are 
still going to be some breakdowns. The number of 
breakdowns being dependent on the level of p.m. So 
with any p.m. programme there is going to be a propor­
tion of the load that is probabilistic. 
Determining the size of the trade force needed to 
service the deterministic load is relatively straight 
forward. It is merely a function of the p.m.programme. 
The probabi I istic load needs to be worked out either by 
simulation (using historical breakdown records) or 
using queueing theory. Szendrovltz (Ref.23) has a 
detai led section on the subject of determining the 
maintenance load from queueing theory. 
7.4.3 
Not much needs to be sa i d about work schedu ling if most 
of the work is of a preventative nature. Here the p.m. 
work is done to a programme with some slack to allow 
for breakdowns. When a breakdown occurs. it must take 
precedence over any p.m. maintenance. 
A problem occurs when much of the work is breakdown 
repair work. Here a deciSion needs to be taken as to 
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the schedu 1 i ng of one breakdown before another. A 
first come. first served basis is probably the easiest 
way of doing it. but not necessari Iy the best. The 
maintenance manager takes into account other factors. 
such as the machines involved and the probable duration 
of the repair task. If this sort of information is 
available it is possible to schedule on a minimum cost 
basis. This is often done by the manager in more 
simple cases just by thinking on his feet. However. in 
more complex cases it wi I I be necessary to use more 
accurate cost figures and computer faci I ities. 
7.5 MAINTENANCE AND MANAGEMENT 
7 .5. 1 Management Commitment 
It has often been said that if an organization fai Is to 
reach its objectives it is the fault of the management. 
This is certainly true of the maintenance manager. 
Yet very often the commitment to maintenance by top 
management is so low. that the maintenance manager is 
not properly equipped for the job. Management often 
suffer from the same misconceptions as regards mainte­
nance as do maintenance technicians. Maintenance costs 
one often regarded as a necessary evi I . The maintenance 
function. it is often claimed cannot be controlled. 
With attitudes like these. there is little wonder that 
there is a lack of commitment to maintenance. 
It is true that maintenance is different to production 
work and is probab I y more d iff i cu I t to contro I. 
However. th i sis no reason not to contro lit at a II. 
Management needs to understand the basic concept of 
investment and returns as regards maintenance (as out­
I ined in Chapter 3) . Once this is grasped. the need to 
contro I wit I become obv i ous. 
The importance management attaches to a particular 
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sectio~. can be measured by the management staff and 
investment capital it al locates to that section. 
Implementing a system ike the delay~time system wi I I 
involve some investment and management needs to be 
convinced of the worth such investment. 
The difficulty of , control I ing the maintenance function 
is in itself. a strong motivation for the allocation of 
a strong management for the section. Much can be said 
of the advantages of employing a special ist maintenance 
accountant. Such a person would be able to implement 
a system to keep close control of maintenance costs. 
7.5.2 	 Organizational Structure 
As can well be imagined. the number of different organ­
izational structures is virtually infinite. It is not 
possible to discuss these in detai I here. Only a few 
comments wi I I be made as regards the most suitable 
structure for a delay-time model programme. 
For the delay-time model it is best for the chain of 
command be as short as possible. It is also best if 
the p.m. inspector liase directly with the maintenance 
technician who is gOing to do the work. It often 
happens that such communication goes via a foreman. but 
this limits the flow of information. For contro I pur­
poses it makes sense fer the maintenance technician 
only to take order from his foreman. This wi I I ensure 
that the maintenance foreman is in full control of the 
work loading on his staff. 
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7.6 PRODUCTION AND MAINTENANCE 
The maintenance department is there to serve the prod­
uction department. This must be at a minimum cost to 
the entire department. Chapters 3 and 4 explain this 
principle in detai I. For the most part this thesis has 
looked at ways in , which maintenance can minimise costs. 
however. some practices of the production department 
need to be looked at. 
Productivity incentives boost production and yield a 
far lower cost per item than would normally be the 
case. However. these incentives often have the effect 
of raising maintenance costs. The man who is trying to 
get maximum production wi II not normally take time to 
clean his machine. The speeds at which he operates his 
equipment may also be to the detriment of the mainte­
nance account. To a certain extent these higher main­
tenance costs may be acceptable. However. it is up to 
production to set economically acceptable I imits for 
machine speeds and to schedule in time for cleaning the 
machines. Production foremen need to be more respons­
ible for the maintenance cost of the machines under 
the i r contro I. 
Product i on and rna i ntenance need to Ii ase cont i nua I I y. 
both as regards the regular maintenance schedul ing and 
the major overhaul work. It has happened that mainte­
nance has carried out a major overhaul on a machine. 
only to find that the production contract using that 
machine has come to an end and the machine is being put 




Many of the aspects considered are of a systems nature. 
These require more management comm i tment and staff 
education than actual raw cash expendi ture. However. 
the cost of education and training can often be far in 
excess of any expenditure on hardware. The experience 
of companies with successful maintenance departments, 




This research project has clearly shown that maintenance 
decisions in inspection and repair maintenance can be quanti­
fied. The extra effort required to do so is minimal as much 
of the data is required for auditing purposes anyway. 
Some caution. however. is needed when applying quantitative 
techniques to the field of maintenance management. Many of 
the inputs In a decision are based on factors that can be 
affected by subjectivity. For example, the lengths to which 
an inspector goes in his p.m. inspection is beyond the control 
of quantitative methods. Most organizations have an inspec­
tion sheet detai I ing the item to be inspected on each machine. 
but it is difficult to control how thoroughly each item is 
checked. Much is left to his personal judgement. 
This should not cause us to abandon quantitative techniques. 
They are definitely better than guessing. It should be 
obvious by now that there is no short cut around employing 
good staff wei I trained in the principals of maintenance. 
There are cases when the cost of implementing quantitative 
techniques would be greater than the returns. For instance 
some very smal I companies may be better off guessing maint­
enance intervals. than working them out using a computer. 
However. the extra cost involved in implementing the delay­
time model for decision making would not be that large for 
most companies . 
A large number of computer maintenance management systems 
avai lable as software do not use any form of decision making. 
This is a waste of much of the information stored by the 
computer. To a large extent many of these systems are a waste 
of money. unless they use the information to make maintenance 
decisions. 
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Their is much room for improvement in many aspects of the 
maintenance function. It is much more difficult to quantify 
and control many aspects of maintenance than. for instance. 
production. This should be a challenge. rather than a cause 
for despair. Because of this difficulty. the potential saving 




This research project is not aimed at a particular problem in 
a particular organization. For this reason the recommend­
ations are of a general nature. These recommendations are 
aimed at the management of any organization with a significant 
maintenance account. 
1) 	 CONDUCT MAINTENANCE AUDIT 
It is quite easy if maintenance has a low priority, for 
management to be unaware of how it functions. This wi I I 
be a learning exercise to find the st~rting pOint of any 
proposed changes. but could highl ight some significant 
problems. 
2) 	 EMPLOY THE RIGHT STAFF ­
Much has been said about the importance of employing wei I 
trained staff, with an aptitude for the sort of work found 
in a maintenance department. Maintenance should have 
priority in choosing technicians trained up in the organ­
izations. Good staff are essential whether or not any 
changes are going to take place. 
3) 	 DECIDE ON SCOPE AND EXTENT OF CHANGES ­
Fault wi I I be found with the maintenance department. of 
some sort or another. A decision needs to be made as to 
what changes. if any need to be made. This decision must 
be made considering the whole concept of investment and 
returns of maintenance, as outl ined in Chapters Three and 
Four. 
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4) CONTROL AND DECISION MAKING MUST BE LINKED ­
In any maintenance management information system, the 
control information system must be I inked wi th the deci­
s i on making information system . This goes for a paper or 
computer system . The amount of unnecessary paper work 
created by separating the two, costs the organization 




Future developments in the field of maintenance wi I I, to a 
large extent, be determined by developments in production 
technology. The trend is still towards greater automation. 
Generally the greater the automation the higher the downtime 
cost of the equipment. In Chapter Three we saw that a higher 
down t me normally leads to greater investment in preventative 
maintenance. The trend would thus be organizations moving 
from, for example. using an inspection and repair policy to 
using a shut-down pol icy. 
The trend in the South African situation is more difficult to 
predict. In most fields our production technology lags behind 
that of the first world. The current pol itical and economic 
situation could increase the extent of that lag. Equipment 
is probably required to last longer here and that would cause 
the investment in maintenance to increase. It can thus be 
seen that maintenance in a South African context does have a 
number of distinctives. To what extent we can va lid I y trans­
fer the industrial ised worlds maintenance technology to our 
context could be the subject of further research. 
Much work has been done in the field of maintenance decisions 
of an economic nature. This thesis is a contribution to that 
fie 1 d . However. the growth in the field of information tech­
nology. makes it possible for computers to be used in helping 
make technical decisions. The development of expert systems 
is an exciting development in information technology. It has 
been applied to the field of medical diagnostics and there is 
no reason to believe it cannot be applied to mechanical diag 
nostics. The costs of developing such a system wi 11 probably 
be high. but it could still be worthwhile to develop such a 
system for mass produced equipment. The motor industry, for 
example. could benefit by applying such a system to motor 
vehicle maintenance. 
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This research has clearly shown that the delay time model is a 
practical and usable method for decision making in mainte­
nance. Although it is hoped that this has bridged the gap 
between engineering and management to an extent. this is 
clearly not enough. More work needs to be done in developing 
an actual usable system. The development of a software pack­
age for use by maintenance departments. that I inks the deci­
sion making and control aspects, is clearly a priority. 
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Profit per unit time 
Output value lost 
due to inspections 
Cost per 
unit time 
Cost of inspections 
Output value lost 
due to repairs 
Cost of repairs 
Inspection Frequency(N)~ 

Figure A 1 AFFECT IN ION 
 ENCY ON COSTS 
Fig. A-I shows the relationship between profit per unit time 
and the inspection frequency. Profit per unit time <P) can 
be calculated using the following formula. 
P Value of output per uninterrupted unit time 
Output value lost due to repairs per unit time 
- Output value lost due to inspections per unit 
time 
Cost of repairs per unit time 
- Cost of inspections per unit time 
where: 
Output value lost due to repairs per unit time 
Value of output per uninterrupted unit of time (G) 
x No. of repairs per unit time (R) 
x Mean time to repair (t.) 
G. R. t. 
Output value lost due to inspections per unit time 
Value of output per uninterrupted unit time (G) 
x No. of inspections per unit time (N) 
x Mean time to inspect (t l ) 
Cost of repairs per unit time 
Cost of repairs per uninterrupted unit of time (C.) 
x No. of repairs per unit time (R) 
x Mean time to repair (t,) 
C. R t. 
Cost of inspections per unit time 
cost of inspection per unit time (C 1 ) 
x No. of inspect on per unit time (N) 
x Mean time to inspect (t l ) 
thus 
R i s a function of N and for the sake of this model P i s 
assumed to be a continuous function of N. We need to 
maximise P to find optimum N 
thus 
G t. R' - Gt i C. t. R' CI tldN 
dRwhere R' 
dN 
therefore for maximum odn 
OR' t. (G + C.) + t I (G + C, ) 
i. ,2thus max R' (eqn A-I)t. (G+C.) 
When the derivative of the repair frequency function (R') is 
equal to the right hand side of the equation then optimal 
inspection frequency has been found. 
APPENDIX B 

We first need to find the repair frequency function. As 
explained in Section 5.2.2. this is not easy. However. for 
the sake of this example we wi I I assume that the breakdown 
rate varies inversely with the number of inspections. 
thus 
R (eqn 8 I) 
where K is a constant 
R' == (eqn 8 2) 
thus substituting eqn 8-1 into eqn A 1 we get 
N (eqn 8 3) 
From the asset record cards and expenditure statements the 
fol owing data is extracted for a particular machine. 
Average no of breakdowns per month (K) 
Mean time to perform a repair ( t. 4 hours 
Mean time to perform an inspection ( t I 0,8 hours 
Value of output per uninterrupted month (G) RIO 000 
Cost of repair per hour (C. ) R35 
Cost of inspection per hour (C i ) R45 
AI I the figures using hours must be reduced to a month basis. 
Assume a 220 hour month 
t. 0.0182 months 
ti 0.0036 months 
C. R7700 
C i R9900 
thus from eqn 8-3 
N = 1 0,0182 ( lOOOO + 7700) x 0,0036 lOOOO + 9900 
= 4,49 
Thus to maximise profit we should have between 4 and 5 
inspection per month. 
APPENDIX C 

The derivation as given below is based on that by Christer and 
Waller (Ref.13). 
The foJ lowing assumpt ons are made 
(I The inspection interval is T, the inspection costing 
C 1 and taking tl where tl«T. 
( i i ) Inspections are perfect and any defect in the plant 
will be identified. 
(iii) Defects identified at inspection w II be repaired 
within the inspection period (t l ). 
(iv) The initial instant at which the defect first arises 
(the time of origin of the fault) is uniformly 
distributed over time since last fault and independent 
of h. Fault arrival rate is q. 
(v) The probabi I ity density function (p.d.f.) of the delay 
time is known and is f(hL 
The probabi I ity of a fault arising between 0 and T with a 
delay time in the internal hand h + dh is f(h) dh. From Fig. 
C-\ it can be seen that the fault will be repaired as a break 
down repair if it arises in the period 0 to T h. Otherwise 
it will be repaired at inspection. 
Inspection Inspection 
1-0----- h ---------1 
o h T 
Faults arising in this region will 
need repair before the next inspection 
(I.e. breakdown repair) 
Figure C-1 THE INCID OF A BREAKDOWN 
If a fault is to arise the probability that it will arise 
before T-h is (t-h)/T. Thus the probab iii ty that a faul t wi th 
delay time in the region h and h+dh wi I I be repaired as a 
breakdown is 
f<h) dh 
Thus for al I h the probabi I Ity of a breakdown repair (b) 
b -"----'-' J f h d h (eqn C-J) 
The average downtime for a breakdown repair is t •. Thus the 
downtime per unit time (d) is given by 
d [q Tt. b + t, ] (eqn C 2)T + t I 
The average breakdown repair costs C. per unit time whi Ie an 
inspection repair cost Cr per unit time. Thus the cost of 
maintaining the plant per unit time (C m ). 
[q T (C,t,b + C.t,(l-b)} + C,(t,-t )] (eqn C-3)rT + t, 
and the downtime costs are 
d Cd per unit time 
Where Cd is the cost of downtime per unit time of downtime 
Thus tola I p I ant cost (C~) is 
(eqn C-4)C. 
• • 
From Appendix C it can be seen that there are four formula 
required for the calculation of the optimal inspection 
interval. 
"------'-' J f h d h (eqn C 1)b 
d --.-~--[q Tt. b + t,J (eqn C-2)T + t, 
(eqn C 4)c... 
The aim is to find that inspection interval (T) at which the 
total plant cost (c p ) is at a minimum. 
C", 
T + t I 
(eqn C-3) 
An estimate is made for the p,d.f. of the delay time «f(h». 
This would normally be calculated from raw data. 
Thus let f(h) O,05e- 0 05 
05hb /T J O,05e- O • 
h • 0 
o • 0 S h/T (1 - h J O,05e 
h • 0 t 
T 
o • 0 S h 05he- 0 • 
T . ( 0, 05 J (h -0,05 ] 
a 
05h + 1 e-O.OSh[_e- 0
T 
• (h + 20>JT 
O 05T
+ ~ e- • (T + 20>J - [-I + ~ x 20 x IJ 
o 5 T + T-20 
T 
A spread sheet is then set up using this value of b in equa­
tions C-2 and C-3 for various values of T. (see 0-3>. The 
value of C. i s thus calculated for a range of inspection 
intervals. 
Minimum C. = R136.21 at an inspection interval of 1.6 months. 
It can be seen that the cost. in this case is not highly 
sensitive to inspection interval and any interval between 1.1 
and 2.4 months would yield a cost of less than RI40 for that 
machine in a month. 
DELAY TIME MODEL CALCULATIONS SPREADSHEET 

T b q ls t i d Cs Ci lr Cd C. CP 
0.1 0.002495 2 0.0182 0.0036 0.034836 7700 9900 0.0018 )0000 88 .45672 436 .8239 
0.5 0.012396 2 0.0182 0.0036 0.007596 7700 9900 0.0018 10000 93 . 19621 169,1615 
I 0.024588 2 0.0182 0.0036 0.004478 7700 9900 0.0018 10000 96 .26193 141.0509 
1.1 0.027002 2 0.0182 0.0036 0.004241 7700 9900 0.0018 10000 96.83437 139.2518 
1.2 0.029408 2 0.0182 0.0036 0.004058 7700 9900 0.0018 10000 97.40008 137 .9831 
1.3 0.031807 2 0.0182 0.0036 0.003916 7700 9900 0.0018 10000 97 .96024 137 .1218 
I.4 0.034197 2 0.0182 0.0036 0.003806 7700 9900 0.0018 10000 98 .51562 136.5798 
1.5 0.036579 2 0.0182 0.0036 0.003722 7700 9900 0.0018 10000 99 .06684 136.2925 
1.6 0.038954 2 0.0182 0.0036 0.003659 7700 9900 0.0018 10000 99.61435 136.2113 
1.7 0.041320 2 0.0182 0.0036 0.003614 7700 9900 0.0018 10000 100.1585 136 .2992 
1.8 0.043679 2 0.0182 0.0036 0.003582 7700 9900 0.0 018 10000 100.6995 136.5273 
1.9 0.046030 2 0.0182 0.0036 0.003563 7700 9900 0.0018 10000 101.2371 136 .8728 
2 0.048374 2 0.0182 0.0036 0.003554 7700 9900 0.0018 10000 101 .7732 137.3174 
2.1 0.050709 2 0.0182 0.0036 0.003554 7700 9900 0.0018 10000 102 .3061 137.8464 
2.2 0.053037 2 0.0182 0.0036 0.003561 7700 9900 0.0018 10000 102.8366 138.4477 
2.3 0.055357 2 0.0182 0.0036 0.003574 7700 9900 0.0018 10000 103 .3648 139 . 1113 
2.4 0.057670 2 0.0182 0.0036 0.003593 7100 9900 0.0018 10000 103 .8907 139 .8288 
2.5 0.059975 2 0.0182 0.0036 0.003617 7700 9900 0.0018 10000 104.4144 140.5933 
3 0.071386 2 0.0182 0.0036 0.003793 7700 9900 0.0018 10000 107.0021 144 .9413 
3.5 0.082611 2 0.0182 0.0036 0.004031 7100 9900 0.0018 10000 109.5417 149.8565 
4 0.093653 2 0.0182 0.0036 0.004305 7700 9900 0.0018 10000 112.0362 155 .0875 
~.5 0.104516 2 0.0182 0.0036 0.004600 7700 9900 0.0018 10000 114.4879 160.4951 
5 0.115203 2 0.0182 0.0036 0.004909 7700 9900 0.0018 100 00 116 .8981 165 .9966 
5.5 0. 125716 2 0.0182 0.0036 0.005227 7700 9900 0.0018 10000 119 .2681 171.5402 
6 0. 136060 2 0.0182 0.0036 0.005549 7700 9900 0.Oll18 10000 121.5989 177 .0917 
6.5 146238 2 0.0182 0.0036 0.005873 1700 9900 0.0018 10000 123.8915 182 .6281 
APPENDIX E 

NOTATION USED IN FORMULAS 
P Profit per unit time 
G Value of output per uninterrupted unit time 
R No. of repairs per unit time 
N No. of inspections per unit time 
K Constant 
T Interval between inspection in unit time 
h Delay time in unit time 
q Arrival of faults per unit time 
b Probabi I ity of a breakdown 
d Downtime per uninterrupted unit time 
t. Mean time for a breakdown repair 
tl Mean time for an inspection (including repair) 
t, Mean time for an inspection repair 
C
C. Cost of a repair per uninterrupted unit time 
1 Cost of inspection per uninterrupted unit time 
Cd Cost of downtime per uninterrupted unit time 
Cm Cost of Maintenance per uninterrupted unit time 
C. total plant cost per uninterrupted unit time. 
22 JUN 1987 

